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The model described in this paper provides a framework for 
simulating the transfer of reserves from stubble and roots to 
leaves throughout the growing season with repeated defoliations. 
In addition, the effects of changing phenology and its influence 
on the allocation of newly fixed and remobilized plant resources 
are simulated. The model is used to consider the effect of 
simulated grazing of various intensities and intervals on plant 
reserves. 
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Die model wat in hierdie bydrae beskryf word dien as 'n raamwerk 
vir die simulering van die oorplasing van reserwes vanaf wortels 
na blare tydens herhaalde ontblarings gedurende die 
groeiseisoen. Vervolgens word die uitwerking van fenologiese 
veranderings en die invloed daarvan op die toewysing van nuut 
vervaardigde plantreserwes gesimuleer. Die model word gebruik 
om die invloed van verskeie intensiteite en intervalle van 
gesimuleerde weiding na te boots. 
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Introduction 
Savanna is the major natural vegetation type over a large 
part of southern Africa (Huntley 1981) . The commonest 
method of economic exploitation of this savanna is 
pastoral farming of various levels of sophistication , nearly 
always with domestic grazers as the predominant 
herbivores. The crucial questions in such a system are 
what stocking level can be maintained without adverse 
effects on the grazing and how this stocking should be 
applied-continuously at low density or intermittently at 
higher density. A major factor in determining this is how 
the grasses respond to repeated defoliation. If a grass 
plant is largely defoliated during the growing season it will 
grow new leaves , presumably drawing on reserves from 
the stubble and roots. While the leaves are present it will 
be able to replenish the reserves. The model described in 
this paper provides a possible framework for simulating 
these transfers in a conditional manner - that is material 
is only moved in response to a 'need' , rather than 
following a predefined pattern regardless of what happens 
to the plant. In addition the effects of changing phenology 
and its influence on the allocation of newly fixed and 
remobilized plant resources are simulated . 
Structure of the model 
The plant is considered to be a number of distinct organs, 
and material moves between these organs in different 
directions at different times. The directions of movement 
are affected primarily by phenology and by the present 
relative size of the organs. 
In the standard version of the model the only organs 
defined are the leaf, root and stubble. By 'leaf' is meant 
all above-ground parts that are living, and are sufficiently 
far above the ground to be grazed or clipped off. All 
photosynthesis takes place here. Stubble includes the 
shoot bases and the thick top end of the roots. It is largely 
used as a storage organ in the model, and is assumed to be 
the perennating part. The roots section is all the roots 
except the proximal parts that are counted as stubble. The 
reproductive organs are not distinguished in the present 
version. 
The phenological state of the plant is represented as a 
single real number, working on an arbitrary scale as 
shown in Table 1. At each daily iteration this is advanced 
by a variable amount. The temperature has an effect on . 
the rate of phenological change, and in addition the 
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phenological state itself does. By this means it is possible 
to use the same phenological scale for plants which spend 
different lengths of time in various phenological states. It 
does not allow for the plant to do things in a different 
sequence, though this would only be important if the 
flowering parts were distinguished . 
Table 1 Phenology scale used in model 
Phenology 
number 
o 
2 
3 
4 
5 
Stage 
Leaf expansion 
Vegetative growth 
Flowering/fruiting 
Senescence 
Dormancy 
Events 
Bud burst initiated 
Fully expanded 
Flowering initiated 
Final leaf fall 
Return to stage 0 
In addition to the gradual change in phenology , it is 
possible to have environmental effects cause a sudden 
change. Thus flowering might be delayed until a 
particular date (or day length) or a temperature threshold 
was passed. 
Once the phenological state for the present iteration 
has been determined, the photosynthesis is calculated for 
that day. This is dependent on the phenology, nitrogen 
and soil water status, temperature and the leaf mass. The 
three environmental variables are constant or time-
dependent in the present version , but it would be feasible 
to devise relationships for these from field data or from 
linked models. The effect of leaf mass is non-linear, to 
allow for the self-shading effect of a dense sward. The 
newly fixed material is not added to the leaves , but is 
apportioned to the plant organs by the allocation system 
described below. 
The next step is to calculate the respiration of each 
organ. This is proportional to the organ's size and is 
affected by the phenology , independently for each organ 
and by the temperature. The required material is 
subtracted directly from each organ and the consequent 
reduction of that organ recorded for use in the allocation 
system. 
The allocation system is based on the assumption that 
for any phenological state, the proportions of organ size 
to the whole plant have a genetically defined target. This 
is termed the 'desired' proportion, the anthropomorphic 
term indicating that movement of material will tend to 
bring the actual proportions to the desired values . 
The first step in the allocation system is therefore to 
determine the desired proportion for each organ, the 
actual proportion, and the ratio of actual to desired . This 
ratio will thus be below unity for an organ which is to grow 
relative to the rest of the plant , and greater than unity for 
one that is too big. The desired proportion for the storage 
organ (stubble) is determined by subtraction of the 
desired proportions for the other organs. This ensures 
that the whole will equal the sum of the parts . 
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As stated the organs can now be divided into those 
which are too small, and require growth to bring them up 
to their desired proportion , and those that are too big . 
For the organs that are too small an amount of 'forced ' 
growth is calculated. This is dependent on how far below 
the desired proportion the organ is, and is constrained by 
an upper limit on the growth of an organ which is 
dependent on its present size - generally allowing a fixed 
maximum growth when the organ is small and a 
proportionate growth when it is larger. This is intended 
to simulate the restraint placed on growth by limited 
meristems, translocation capacity and the need for 
progressive development of an organ. 
The sum of the masses of the organs that are over their 
desired proportion is calculated. This material will be 
available for re-mobilization to match the forced growth, 
if it is needed. The newly fixed material from photosyn-
thesis is first applied to forced growth. If this is insufficient, 
material is remobilized from the over-proportion organs , 
in proportion to their masses. If photosynthesis is more 
than enough for all the forced growth, the material is 
added to all the organs in proportion to their present 
masses. Again the constraint of a maximum growth rate 
for each organ is applied, which may entail repeated 
allocation until all the material is used. 
An important feature of this system which should be 
emphasized is that an organ that is too small exerts a pull 
on resources , which is met first from current photosyn-
thesis, and then, if that is insufficient, from all other 
organs. Although the stubble is considered as the storage 
organ , it is not specified as such in the model structure ; 
all organs are able to donate material to others . 
Implementation and parameter values 
The model was implemented with the aid of the DRIVER 
program package (Furniss 1977) . This includes a feature 
by which functional relationships between two variables 
can be easily realized by piece-wise interpolation. The 
forms of some of the interpolation functions are shown in 
Figure 1. The rate of photosynthesis per unit of leaf 
declines as the phenology moves on. A self-shading effect 
among the leaves is simulated by a decline in their total 
efficiency as the leaf mass increases. There is no relation-
ship defined for the desired proportion of stubble as that 
is determined by the remaining portion that is neither leaf 
nor root . The maximum growth per organ is constant up 
to a threshold, when it becomes proportional to organ 
size , while the need for forced growth declines as the 
organ approaches its desired proportion. These growth 
rates are defined as a proportion of total plant mass . 
Several other relationships were incorporated in the 
program but were set to constant values. Thus the 
temperature, nitrogen status and soil water status did not 
vary and therefore had no effect on the simulation 
although all could affect photosynthesis. The . rate of 
phenological advance was also constant, rather than 
varying with phenology. This rate of advance effectively 
defines the time scale, which, for simplicity, was set to 
give a 100 iterations per 'year'. Since the rate of advance 
was steady the 'winter' (phenology 4 to 5) was only one 
fifth of the year , but this was not important as the only 
thing that occurs then is respiratory loss from the stubble. 
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Figure 1 Piece-wise interpolation relationships used in the model. (a) Effect of phenology on photosynthesis; (b) Self-shading of leaves- effect of 
actua l mass on effective photosynthetic mass ; (c) Effect of phenology on respiration of stubble (as a proportion of organ size ); (d) Effect of phenology 
on respiration of roots ; (e) Effect of phenology on respiration of leaves ; (f) Effect of phenology on desired proportion for roots ; (g) Effect of 
phenology on desired proportion for leaves ; (h) Effect of ratio actual/desired proportions on forced growth (as a proportion of maximum growth 
for that organ) ; (i) Effect of organ size (as proportion of plant) on maximum organ growth. 
The photosynthesis and respiration rates were chosen 
to balance growth through the year , as described below. 
Results 
Two sets of simulations were performed. The first , in the 
absence of field data, was concerned with getting a balance 
of parameters and function values so that the annual cycle 
was reasonable. The second group of simulations started 
with these parameters , but applied a form of simulated 
grazing of various intensities at various intervals. 
In finding a set of parameter values that give a 
reasonable cycle, the crucial element is finding a balance 
between photosynthetic rates and the loss rates. The only 
loss recognized by the model in the absence of grazing , 
is termed 'respiration', but this can be re-interpreted to 
include death of tissues. The ' respiration' rates are 
distinct for each organ and dependent on phenology, so 
a greater death rate of leaves and roots during senescence 
can be simulated. 
The tuning process therefore consisted of adjusting the 
photosynthesis rate and the effect of leaf self-shading to 
give a steady but not excessive increase in total plant mass 
during the growing season. At the end of the growing 
season some material is removed from the leaves and 
roots, to the store, and some is lost through death/respi-
ration . The 'desired proportion ' relationship and the 
respiration rates had to be carefully adjusted to get these 
movements to occur smoothly and without unrealistic 
oscillations, which are liable to occur if the leaves die off 
before the desired proportion is low. Some oscillations 
can still be seen in the figures . 
Once a reasonable set of parameters had been found 
the model was allowed to simulate several years to find 
the steady state value of the store at the start of the 
growing season. The pattern of changes in leaf, root and 
store are shown in Figure 2. At first the store is rapidly 
depleted as the leaf and root are built up. Once the 
early summer proportions are achieved , there is a slower 
increase in all components as they only increase by 
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Figure 2 Changes in masses of plant organs over a 'year' with no 
defoliation. 
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addition of the newly fixed material. Later in the summer 
the leaves run into the self-shading effect , so their 
proportional output is reduced . At the same time the 
store is gradually building up. With the onset of senescence 
the store increases quickly as material is withdrawn from 
the roots and leaves. Later respiratory losses reduce the 
store , which ends at the same level as it started. 
A series of simulations to investigate the effect of 
repeated defoliation were performed. Four parameters 
were used to define the defoliation pattern. The period 
of the year within which defoliations took place was 
limited by a starting date and a finishing date. Within 
that time , defoliations occurred at a definite frequency . 
All three of these parameters were in units of one 
iteration, there being 100 iterations to the 'year', with 
the phenology moving by 0,05 each iteration. The final 
defoliation parameter was the amount of leaf left behind 
after defoliation. Thus light, continuous grazing could be 
simulated by high frequency (of one) and a large amount 
of leaf left. A population of grazing animals would of 
course graze more severely as the forage decreased over 
a period of continuous grazing-- no attempt was made to 
mimic this. The simulation thus is closer to a mowing 
experiment, but the complexities of herbivore foraging 
behaviour are not the province of this model. 
The course of the sizes of the three plant organs with 
partial defoliation every 5 iterations is shown in Figure 
3. Defoliation only takes place between iterations 20 to 
70 , so the initial growth is unaffected. Thereafter the 
system settles down, and after each defoliation the 
material is re-distributed between the three organs in 
accordance with the proportions 'desired' at the current 
phenological state. What is rather surprising is that only 
one year of this regime is required to bring the system to 
a new steady state , as a second year starts and finishes 
with the same stubble mass. 
The fact that the model comes to a steady state with the 
plant still reasonably large could be interpreted as 
meaning the system is not over-grazed, in the sense that 
it does not go into a permanent decline. This however 
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Figure 3 Changes in plant organs over 2 years with defoliation down 
to 2 units, every 5 iterations from iteration 20 to iteration 70. Initial 
stubble mass is as for Figure 2. 
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is largely a product of the threshold defined for the 
defoliation. If this threshold is set to zero, so that no 
leaves are left after defoliation the plant is more or less 
wiped out in one season (Figure 4). It is therefore 
important to consider the reality of such a threshold. In 
a real plant such a threshold , which is a fixed absolute 
value, would imply that the herbivores ignored the plant 
when its abundance fell below some value. What would be 
more likely to occur would be that any threshold would 
be in terms of the ratio of leaves to basal area (or stubble), 
as the animals would not bother or would be unable to get 
the last bit of leaf out from among the stem bases. This 
would be equivalent to a gradually reducing threshold , 
and the plant would decline to nothing if grazing was 
frequent and heavy. 
" 
" ~
:E 
Phenology 
Figure 4 Changes in plant organs over one year , starting from 
undefoliated. Defoliation as Figure 3 but with no leaf remaining. 
Given the present defoliation mechanism however , it is 
worthwhile to investigate the effects of changing the 
defoliation parameters on the total amount of leaf 
removal (Table 2) . This is given separately for the first 
and second years of the regime, as during the first year the 
large stubble mass from the unexploited state is used up, 
though as Figure 3 shows this effect is surprisingly small. 
The second year is typical of future years, with the proviso 
that the simulations with a zero threshold (complete 
defoliation) have, as shown, virtually no plant surviving, 
and thus no further defoliation. 
As can be seen a very severe defoliation is non-optimal 
in terms of amount eaten and the greatest yield in the 
long-term will be produced by an intermediate defoliation 
level, keeping a certain amount of leaf to continue fixing 
new material. The interval between defoliation makes 
surprisingly little difference, although this would be 
greater if rearrangement of organ size by translocation 
was slower or less efficient. The effect of interval is also 
affected by the form of the leaf self-shading relationship, 
which starts to be considerable at around 2 leaf units. 
Thus it makes little difference to total production if 
material in excess of this level is removed with each 
iteration or allowed to build up for a few iterations 
before being removed -- the removed material does not 
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Table 2 Amounts removed and amount of plant 
remaining under various defoliation regimes. For 
each simulation the figures are : total removed, year 
1; total removed, year 2; total remaining, end of 
year1 
Amount left 
after every 
Defoliation 
throughout year 
every 
5 
every 
10 
Defoliation from 
iteration 20 
to iterat ion 70 
every 
every 
5 
defoliation iteration iterations iterations iterat ion iterations 
6 ,49 11 ,43 18,81 11 ,53 15,72 
o 0,03 0,07 3,27 0,42 0,73 
0,03 0,04 0,69 0,11 0,13 
12,55 15,99 16,78 15 ,67 16,95 
0,5 4,83 7,52 10,22 5,00 8,08 
0,54 0,83 1,58 0 ,51 0,86 
15 ,83 17,35 16,39 17,38 17,80 
1,0 8,67 10,82 10,94 9,22 11 ,08 
1,01 1,53 2,09 1,12 1,55 
17,27 16,83 15 ,43 17,86 17 ,00 
1,5 10,73 11 ,05 10,78 11 ,08 11,53 
1,50 1,93 2,60 1,51 2,14 
17,27 16,06 14,17 17,40 16,04 
2,0 11 ,71 11 ,18 10,39 11 ,90 11 ,03 
1,99 2,51 3,13 2,15 2,39 
16,12 14,85 12,83 16,10 14,70 
2,5 11 ,17 10,76 9,65 11,23 10,68 
2,45 3 ,07 3 ,49 2,48 3,00 
14 ,81 13,45 11 ,44 14,73 13,27 
3,0 10,50 9 ,89 8,76 10,61 9 ,90 
2,96 3 ,38 3,82 2,96 3,38 
13 ,63 11 ,99 10,02 13,40 11 ,80 
3,5 9,87 8,93 7 ,78 9,98 8,89 
3,38 3 ,75 4,13 3,40 3,72 
12,09 10,47 8,67 11 ,94 10,35 
4,0 9 ,07 8,10 6 ,74 9,07 8,34 
3,82 4,26 4,39 3,82 4,47 
greatly increase the photosynthesis . With a longer 
interval between defoliations the optimal yield is achieved 
at a more severe defoliation as the vegetation is kept at 
a more efficient level for more of the time that way. This 
could correspond to the real world situation, as infre-
quent grazing could result in the vegetation becoming 
intermittently moribund , requiring either heavier grazing 
pressure or more frequent grazing. It is again notable that 
the maximal yield in the long term only varies by 10% 
between all three frequencies. 
A further set of simulations in which defoliation only 
took place between iterations 20 to 70 , showed similar 
trends. The effect of the restricted period is primarily to 
give the vegetation a 'holiday' at the beginning which 
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allows the leaves to build up to full size. However, as 
Figure 3 shows, by iteration 20 the replenishment of the 
store has hardly started so the results are fairly close , 
especially for the size of the over-wintering stubble, 
although that is also affected by the cessation of defoli-
ation just before senescence starts. Total yield tends to 
be slightly higher , and optimal defoliation levels slightly 
more severe as the grazing holidays allow the plant to 
achieve more photosynthesis with the young more 
efficient leaves , since photosynthetic rate is affected by 
the phenology. 
Discussion 
Several features of the model could be altered to give 
greater realism at the cost of greater complexity and a 
larger data requirement. The principal area for improve-
ment concerns the ease of remobilization . 
At present the model considers that all of an organ is 
available for remobilization at no special cost and that 
no material is ever irreversibly allocated to an organ . A 
more realistic approach would be to distinguish between 
committed and reusable material. Remobilization from 
the roots , for example , would then only release the 
reusable portion , with the corresponding committed 
material presumably being lost by death. This would then 
require a whole series of time-varying proportions of 
committed to reusable for each organ. 
Another fault of the too easy remobilization is that it is 
performed without cost. In reality the reconversion of the 
material to mobile form , its transport and the synthesis 
of new compounds all involve an energy cost and 
increased respiration - the loss of x g from a storage 
organ to replace removed leaves will result in much less 
than x g of new leaf. 
These are relatively minor problems however. The key 
question relating to the model is whether the allocation 
mechanism is reasonable in general. The concept of 
desired proportion seems acceptable, in that a plant 
presumably has some kind of ideal balance in its propor-
tions , equivalent to allometric growth of an animal. 
However, the desired proportion should probably be 
affected by environmental factors, so a plant that 
experiences drier conditions will grow more roots than 
one in moister soil. Given the desired proportion concept , 
a far more difficult problem is what the plant does when 
it is not in its desired proportions . When it is in desired 
proportions then new material from photosynthesis is 
merely added in those proportions. If it is not , one of two 
approaches is possible for simulation - either over-
proportion organs 'push' material out or under-proportion 
ones pull it in . Earlier test models tried various forms of 
pushing, which usually either went haywire or were unable 
to respond to organ removal such as defoliation. The 
present model pulls and, given the provisos mentioned 
above, probably is a reasonable basis for a more realistic 
model. 
To become more realistic , a large quantity of field data 
are required. Primarily observations of the proportions of 
plant organs at various times during the season and under 
various conditions of defoliation are essential. If the 
model were to be modified intelligently the data would 
have to allow for the combining or distinguishing of 
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several possible organs - it would not be sufficient to 
distinguish roots, leaves and stubble only, as these may 
be the wrong compartments, and fine roots, thick roots, 
flag leaves, stem leaves and so on might need to be 
distinguished. 
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